Objectives: Fractures are common and associated with multiple risk factors. We assessed the risks of fracture associated with time-dependent, differential antiretroviral drug exposures among a cohort of persons with HIV infection.
Introduction
The use of antiretroviral treatment in HIV infection has clinical and economic benefits that offset potential untoward drug effects [1] . Associated risks for fracture and for reduced bone mineral density (BMD) among antiretroviral-exposed individuals remain understudied and drug-specific risks have been inconsistent to date among persons with HIV infection [2] [3] [4] [5] [6] [7] [8] [9] . Among antiretroviral-naive patients, reduced BMD of 2-6% has consistently been observed within the first year of exposure [2, [9] [10] [11] [12] . Loss of BMD has been reported among participants randomized to continuous versus intermittent antiretroviral therapy for HIV infection [8] . Independent of HIV infection, factors that influence risk prediction for fracture among persons with HIV infection include the traditional risks associated with reduced BMD such as aging, whereas drug-specific antiretroviral exposures within combination regimens have not been fully explored [6, [13] [14] [15] [16] . Notably, reduced BMD due to osteoporosis is asymptomatic, and the most common adult clinical presentation of osteoporosis is a low-impact or nontraumatic fracture [2] . To date, quantifying the risk of fragility fractures has been best characterized in persons over 50 years of age [17] . Quantifying low-impact and nontraumatic fracture among persons with HIV infection is especially important, given that changes in BMD are not necessarily unidirectional, acquired HIV infection often occurs prior to 50 years of age, and long-term survival with HIV infection necessitates combination antiretroviral treatment. Findings from studies of reduced BMD and antiretroviral exposure have been inconsistent, and hence inconclusive, for drug-specific risks for facture among persons with HIV infection. We conducted a nested case-control study to assess risks for fracture in a health-insured population with HIV infection.
Methods

Study cohort
The cohort was included 59 584 persons with HIV infection identified in the Ingenix Impact National Benchmark Database (INBD), an administrative claims database. The INBD comprises over 74 million members from the United States, and was previously called the Integrated Health Care Information System. The adults with HIV infection were continuously enrolled, healthinsured members for 12þ months in INBD between 1 January 1997 and 31 March 2008, had pharmacy-claims eligibility, and evidence of one or more ICD-9-CM diagnostic code of 042 or v08 for HIV infection. The INBD database was deidentified by the vendor in compliance with the Health Insurance Portability and Accountability Act (HIPAA); no additional institutional review board approval was required.
Nested case-control: study design and population During the 11.25-year study period, there were 2477 participants with fractures identified in the cohort. For the nested case-control study, full risk sets were explicitly constructed from the cohort with age as the primary time dimension using the RISKSET program module in Occupational Cohort and Mortality Analysis Program (OCMAP-Plus) [18] . Risk sets were further reduced by matching on sex and on date of birth at age of fracture to control for cohort effects, and then combined into a single set with multiple cases when cases had the same event date. All participants with incident fracture were included as cases. We randomly selected four noncase individuals from the full risk sets matching on sex, exact age, and year of birth (within 5 years). Time-dependent antiretroviral exposure duration variables for cases and controls were computed as of the date of each event time at risk; in noncases this was the date that the noncase reached the age of the corresponding case at time of fracture.
Subset analysis of abacavir versus tenofovir
In a subset analysis of persons exposed to abacavir versus tenofovir, the dataset was censored to the time interval from 1 November 2001 through 31 March 2008 to align with the postapproval, launch, and availability of each of the two drugs. Similar design, study definitions (for case, noncase, covariates, and outcome), and analyses were conducted for this subset analysis.
Study definitions
Date of birth was restricted to year of birth given vendor compliance with HIPAA; hence, participants were each assigned July 15 for month/date to year of birth for the RISKSET program. Follow-up began on the first (index) date linked to an ICD-9-CM code for HIV infection. The enrollment interval prior to this index date was defined as surveillance and the time interval on and after this index date was defined as the study observation period. Severity of HIV infection was defined using criteria established for advanced HIV infection and for AIDS per the criteria established by the Centers for Disease Control and Prevention (CDC) [19] .
Fracture, the primary study outcome, was defined by identification of the first ICD-9-CM code for closed, nontraumatic fracture in each participant's claim history during the study observation period; cases with more than one closed fracture code were individually assessed for potential trauma prior to inclusion as a case. Prior fracture was identified for each participant during the surveillance interval of INBD enrollment.
Prescription claims for drug exposure were identified by Uniform System of Classification Level 4 codes. Excess systemic glucocorticosteroid use was a bivariate response for a cumulative exposure to parenteral and oral glucocorticosteroid drugs equivalent to at least 675 mg of prednisone prior to either the date of fracture or the end of follow-up among participants without fracture [20] . Exposure to either vitamin D or calcium supplementation was a combined variable in the univariate analysis and models. Duration of exposure measures for the specific antiretroviral drugs were computed by restructuring the participant-level prescription history data for drug strength, metric quantity, and days supplied in order to quantify antiretroviral drug class, differential antiretroviral regimens, and drugspecific exposures.
The five categories of antiretroviral drug classes were nucleoside reverse transcriptase inhibitors (NRTI), non-NRTI (NNRTI), protease inhibitors, fusion inhibitors, and entry inhibitors. The duration of antiretroviral exposure measures were further categorized qualitatively (not exposed versus exposed) and quantitatively (in days) by antiretroviral drug class and by each antiretroviral drug.
Data analysis
We estimated odds ratios (ORs) and 95% confidence intervals (CIs) using exact conditional logistic regression programs in Stata (Stata, College Station, Texas, USA). The OR for each of the primary demographic, prescription history, and antiretroviral exposure variables were also adjusted for potential confounding factors if warranted. All antiretroviral drug exposure variables were categorized a priori into approximately equal exposure groups on the basis of the distribution of fractures in an attempt to balance the precision of the risk estimates across subgroups. Multivariate models were adjusted for prior fracture, excess alcohol use, low physical activity, low body weight, hepatitis C virus (HCV) infection, excess steroid use, and treatment for osteoporosis with bisphosphonates. We assessed the statistical significance of each main effect (expressed as a global P-value) with a likelihood ratio statistic and conducted tests for linear trend (expressed as a trend P-value) using equally spaced scores.
Results
Study cohort
The study cohort included 59 584 persons with HIV infection enrolled in INBD over the 11.25-year study period. There were 30 405 persons (51%) who had one or more prescription claim for antiretroviral therapy during the study period ( Table 1) . Antiretroviral treatment was more frequent among men, more common in the interval from 2003 through 2008 (71.8%) than from 1997 through 2002 (28.8%), and more frequent among participants with advanced HIV infection, low body weight, lipodystrophy, hepatitis B virus coinfection, and HCV coinfection.
Nested case-control study population and univariate risks for fracture The final population for the nested case-control study consisted of 11 621 participants, represented in 2286 risk sets with 2477 cases and 9144 noncases ( Table 2 ). There were 157 risk sets with two cases, 15 risk sets with three cases, and one risk set with five cases. Risk for fracture was ; P < 0.0001). Risk for fracture was statistically significantly reduced among participants exposed to antiretroviral drugs (OR ¼ 0.64, 95% CI ¼ 0.58-0.71; P < 0.0001), with a similar exposureresponse relationship identified for antiretroviral drug class and for cumulative duration of exposure (Table 2) .
Antiretroviral drug class-specific exposureresponse relationships for fracture Further analysis of antiretroviral drug-specific exposureresponse relationships revealed differential within-class risk estimates (Table 3 ). Reduced risk for fracture was associated with exposures to the NRTI and to the NNRTI drug classes, with a pattern of incremental reduction of risk with increased duration of exposure.
Exposure to the protease inhibitor drugs was associated with a null effect that became slightly reduced in the subset of participants with the longest duration of exposure defined as 18 months or longer. Additionally, a null effect was noted for exposure to the fusion inhibitor in a small number of cases (N ¼ 29) with fracture. There were no exposures to an entry inhibitor drug among cases with fracture.
Antiretroviral drug-specific exposure-response relationships for fracture Risk for fracture was further examined for antiretroviral drug-specific exposures assessed by approximate quartiles of duration of exposure (in months) and subsequent categorization of exposure-response relationships grouped as risks that were increased, decreased, null, or uncertain (Table 4 ). Increased risk for fracture was noted for darunavir, delavirdine and saquinavir with each quartile of exposure. Reduced risk for fracture was consistently noted for efavirenz, emtricitabine, lamivudine, tenofovir, and zidovudine. An initial increased risk became protective with increased duration for nevirapine. In a similar pattern, abacavir, didanosine, nelfinavir, ritonavir and stavudine were initially associated with a slightly increased point estimate of risk for fracture in the 1076 AIDS 2012, Vol 26 No 9 Cumulative exposure of an equivalent to prednisone at least 675 mg.
first quartile of exposure (shortest exposure), after which the risk became reduced with increased duration of exposure. Null or uncertain risk for fracture was associated with amprenavir, atazanavir, enfuvirtide, fosamprenavir, indinavir, lopinavir, tipranavir, and zalcitabine (Table 4 ).
Exposure-response relationships specific to abacavir versus tenofovir
To assess exposure-response relationships specific to abacavir and to tenofovir, a subanalysis was restricted to the 8879 cases and noncases enrolled in care on or after 1 November 2001 ( 
Discussion
Our study identified an overall reduced risk for fracture in persons treated versus not treated with antiretroviral drugs for HIV infection. The study design and analysis highlights the complexity of estimating time-dependent, antiretroviral drug-specific risks for fracture among persons on combination antiretroviral regimens over different intervals of time for the treatment of HIV infection [21] . Given the known dynamic complexity of bone metabolism in aging populations with HIV infection and differential antiretroviral exposure, we emphasize three noteworthy findings from this nested case-control study.
First, exposures to antiretroviral treatment by drug class, duration, and most drug-specific exposures were associated with reduced risk for fracture among persons with HIV infection. Second, beyond antiretroviral drug class estimates of risk, the antiretroviral drug-specific risk estimates for fracture revealed three different risk categories, with increased risk for fracture identified Antiretroviral treatment on risk of fracture in HIV Mundy et al. 1077 Drugs with 30 or less exposed cases were dichotomized as unexposed/exposed. 
for three drugs (Table 4 ). For darunavir, although the number of fracture events were low, the estimate of risk was substantial (aOR ¼ 1.93, 95% CI ¼ 1.05-3.56; (global P-value) P g ¼ 0.043), and further assessment of this protease inhibitor in other study populations seems justified. For delavirdine, the number of fracture events was low, the estimate of risk was moderate (aOR ¼ 1.59, 95% CI ¼ 0.94-2.71; P g ¼ 0.095), and future comparisons of risk in other populations may not be feasible given low prescribed use of delavirdine in current practice. For saquinivir, there were 115 exposed cases, and although the approximate quartiles of risk varied, the global and trend values were consistent with increased risk. With two of these three drugs in the protease inhibitor class, these data support some findings from two randomized trials that have identified an association of reduced BMD in the spine and protease inhibitor exposures [11, 12] . The potential correlations of reduced BMD short-term versus Antiretroviral treatment on risk of fracture in HIV Mundy et al. 1079 135 0.63 (0.52-0.76) 0.63 (0.52-0.77) P g < 0.0001, P t < 0.0001 P g < 0.0001, P t < 0.0001 OR, odds ratio; P g , global P-value; P t , trend P-value. Drugs with 30 or less exposed cases were dichotomized as unexposed/exposed. clinical benefits and risks of various protease inhibitorbased regimens will require additional evaluation. Third, our time-censored subset analysis of abacavir versus tenofovir exposures revealed null risk in adjusted models for known risk variables and other antiretroviral-drug exposures ( Table 5 ). Prior comparative analyses of abacavir versus tenofovir have been inconsistent, yet a significantly larger reduction in BMD has been consistently associated with tenofovir versus other NRTI agents [22] [23] [24] . Significant decreases in BMD were especially noted during the first year of exposure in patients randomized to abacavir/lamivudine and to tenofovir/ emtricitabine, with either ritonavir-boosted atazanavir or efavirenz; reported fractures were all associated with trauma and not different between study arms [9] .
Together, these drug-specific exposure-response relationships suggest an overall benefit of antiretroviral treatment relative to estimates of risk for fracture in participants without antiretroviral treatment. Although it is clinically relevant to discern distinctions in studies that assess changes in BMD versus fracture, our findings are consistent with several longitudinal studies of stable BMD in antiretroviralexposed patients [5, 7, 24, 25] . As BMD decreases with age, the mechanisms of bone modeling are not unidirectional and untreated HIV infection has been associated with uncoupled bone formation and bone resorption that seems attributed to both viral and inflammatory effects [26] . An undefined direct mechanism for bone remodeling is plausible in treated HIV infection and an indirect mechanism for bone remodeling is supported by lower levels of calcitrol (1,25-dihydroxyvitamin D) as reported in patients with advanced HIV infection compared to patients with early HIV infection [27] . Such changes in calcitrol may promote intestinal calcium absorption and regulation of osteoblast function. Although there is theoretical biological plausibility that increased fat-free mass and decreased inflammation evident via changes in C reactive protein, interleukin-6, soluble tumor necrosis factor receptor (sTNFR) I and II are linked to antiretroviral treatment and altered BMD, such measures are beyond the scope of an observational database analysis [11, 27, 28] .
As noted in a recent study by the HIV Outpatient Study investigators, our findings are consistent with several established risk factors for fracture [29] [30] [31] [32] [33] . Despite consistencies in established risks among numerous studies, reported exposure-response relationships for antiretroviral treatment and fracture among persons with HIV infection have varied based on study design, execution, and analyses. Such distinctions are notable by population when restricted to either men or women, covariates such as age when assessed by year or by decade, and quantification of antiretroviral drug exposure when assessed as a dichotomous variable, drug class, or cumulative drug-specific exposure. As an example, a recent study among US women and a case-control study from Australia have each reported that tenofovir was not associated with fracture [30, 33] . Given the inconsistencies in reported studies to date, additional investigations of exposure to protease inhibitors and to tenofovir remain important and clinically relevant for future investigations.
We acknowledge several limitations associated with the report of these study findings. First, as a retrospective 1080 AIDS 2012, Vol 26 No 9 study executed with administrative claims data, ascertainment bias for both information and measurement exists inclusive of the assumption that a prescription claim equated with administration of the antiretroviral drug as prescribed and the population is likely differential from randomized trial populations. We were unable to assess race (not available in INBD) or tobacco exposure (less than 5% identified in prestudy feasibility assessment), did not include a covariate for opiate use, testosterone use, or untreated hypogonadism, and likely underestimated the severity of advanced HIV infection or AIDS based on available CD4 cell counts and ICD-9-CM claims for opportunistic infections and malignancies. We were able to create claims-based variables for low body weight, low physical activity, and advanced HIV infection. Second, by design, we grouped all participants with low-impact and nontraumatic fracture as cases and did not estimate risks specific for the lumbar spine, hip, and other bone. As such, we are not able to associate with findings from studies that have had BMD loss as the outcome of interest. Third, our study population was restricted to fractures in adults and the findings are not able to be generalized to children or to longitudinal changes in BMD [34] . Fourth, almost all participants with antiretroviral exposure in our study were on NRTI-containing regimens, and we are unable to expand upon findings from a recent report of greater changes in BMD for participants randomized to NRTI-containing antiretroviral regimens versus NRTIsparing regimens [12] . Lastly, we were unable to assess antiretroviral exposure prior to membership in the insured plan that was captured by INBD. It is nevertheless noteworthy that the study design, execution, and analysis combined the restructure of over 1.9 million antiretroviral prescription claims using occupational epidemiology methods to estimate drug-specific exposure-response relationships.
Conclusion
In summary, bone fractures are common and risks for fracture seem multifactorial among persons with HIV infection. We report significantly reduced risk of fracture in a dichotomous analysis of antiretroviral drug exposure, with a similar exposure-response relationship identified for antiretroviral drug class and for cumulative duration of exposure. Differential antiretroviral drug-specific risks for fracture suggest further assessment of individual drug exposures in other populations is warranted. Given the complexity of antiretroviral treatment for long-term survival among aging populations with HIV infection, our findings contribute evidence to and support for future robust analysis of observational cohort data to assess and identify modifiable risk factors associated with aging and drug exposure-response relationships. Such comparative research efforts will be integral to optimizing incremental net health benefits with tailored antiretroviral treatment in the years to come.
